The identification of genetic factors such as apolipoprotein E (APOE) in Alzheimer's disease provides investigators with an opportunity to assess environmental risk factors in a new light. Gene-environment interactions may emerge which indicate genetic susceptibility to an environmental factor or which support other models of disease causation. In addition, the problem of recall bias in case-control studies can be addressed in some circumstances in which geneenvironment interactions are found. Recall of an environmental factor, such as head injury, would not be expected to be influenced by a genotype unknown to the subject. Thus, if risks associated with the environmental factor in question differed by genotype, recall bias would be an unlikely explanation. In this study, we examined the possibity of interaction between two apparent risk factors for Alzheimer's disease: APOE of epsilon 4 (e4) genotype and history of head injury with loss of consciousness.
A history of head injury has been found to be associated with elevated risk of Alzheimer's disease in several case-control studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) ; some have reported a significant risk increase (1, 2, 8, 11, 12) . Other studies have found nonsignificant inverse relations (13, 14) . A retrospective cohort study of headinjured persons found no association with Alzheimer's disease (15) . Recall bias may partially explain the case-control findings. Still, physiologic similarities between head trauma and Alzheimer-like processes are clear. Early autopsy studies of dementia pugilistica ("punch-drunk" syndrome) found neurofibrillary tangles similar to those seen in the brains of persons with Alzheimer's disease (16) . Recent studies link j3-amyloid protein deposition, another feature of Alzheimer's disease, to head trauma (17) (18) (19) (20) (21) . Beta-amyloid protein plaques were found in the brains of persons with dementia pugilistica (17) . The brains of an estimated 30-50 percent of patients with fatal head injuries show /3-amyloid protein deposition, presumably as an acute-phase response to the injury (18) (19) (20) (21) . Some investigators hypothesize a chronic inflammatory process in the pathogenesis of Alzheimer's disease (22) (23) (24) . Recent epidemiologic studies have reported inverse associations between the use of nonsteroidal antiinflammatory drugs and age of Alzheimer's disease onset or rate of progression (25) (26) (27) . Evidence of an inflammatory response was detected in /3-amyloid protein deposits in the brains of Alzheimer's patients; this response may be implicated in neuronal death (28) . Inflammation following head injury may have similar effects. These findings suggest similar pathogenic mechanisms operating in head injury and Alzheimer's disease.
APOE genotype was strongly associated with Alzheimer's disease in several recent studies (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Persons with at least one copy of the e4 allele were at elevated risk of the disease; those who were homozygous for e4 were at highest risk (31) . APOE gene products found in the brain may be involved in neuronal branching (42) and maintenance of cytoskeletal stability (43) . APOE products can be found in plaques and tangles, characteristic sites of Alzheimer's pathology (44, 45) . APOE-e4 binds avidly with /3-amyloid protein in vitro (46) . These observations have led some researchers to speculate that e4 may accelerate /3-amyloid protein plaque production (47, 48) . In addition, e4 seems to bind poorly with proteins needed for microtubule stability in neurons, including tau protein (43) . This may result in neuronal degeneration into neurofibrillary tangles (49) . Whether APOE expression actually plays a direct role in producing Alzheimer's disease is unknown.
Evidence suggests that both acute response to head injury and APOE-e4 gene expression result in Alzheimer-like lesions. It is possible that the two factors interact biologically. If so, and if these events are linked to the pathogenesis of Alzheimer's disease, then we might expect differing degrees of Alzheimer's disease risk associated with head injury, depending on APOE genotype. The effect of head injury on risk among persons with the e4 genotype may exceed the effect on those without e4. A recent case-control study of Alzheimer's disease suggested a synergistic effect between head injury and APOE-e4 (50) . The present study addressed the question of whether the head injury-Alzheimer's disease association is modified by e4 status.
MATERIALS AND METHODS

Study population
Study subjects were drawn from the membership of the Group Health Cooperative of Puget Sound, a large health maintenance organization in the Seattle, Washington, area. The base population for this study comprised all community-residing members of the Group Health Cooperative's central region, most of whom live in Seattle. This population includes about 23,000 persons aged 60 years or more, and is representative of elderly persons in the surrounding community with respect to sex, ethnicity, and educational level (51) . Group Health experiences low rates of attrition among the elderly (approximately 1 percent per year) other than that due to death (52) . As members of a prepaid health plan, Group Health enrollees all have similar access to medical care.
Subject selection
Newly recognized probable cases of Alzheimer's disease (n = 357) were included in this study. Cases were identified between 1987 and 1995 by the Alzheimer's Disease Patient Registry, which conducts surveillance of Group Health Cooperative members for dementia (53) . The Alzheimer's Disease Patient Registry identifies, enrolls, and diagnoses suspected dementia patients soon after their symptoms first come to medical attention. Registry clinicians perform a standardized evaluation that includes medical history, physical and neurologic examination, neouropsychological and laboratory tests, and a computed tomogra-phy brain scan. Consensus diagnosis is reached using criteria for dementia given in the Diagnostic and Statistical Manual of Mental Disorders, Third Edition, Revised (54) and criteria for probable Alzheimer's disease defined by the National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association working group (55) . Annual follow-up serves to verify clinical diagnosis. We required that subjects in this study have a cognitively intact proxy informant (e.g., spouse, sibling, child) available to complete a risk factor interview.
Control subjects (n = 345) were randomly selected from the Group Health Cooperative population from which the cases were obtained. Controls entered the study during the same time period as the cases and were frequency-matched to cases by sex and age (±2 years). Potential controls were excluded if evidence of dementia or neurologic disease associated with dementia was found. Eligible controls had to score at least 28 out of 30 points (27 points if over age 80) on the Mini-Mental State Examination (56) . Controls were reevaluated annually to monitor their cognitive status. A cognitively intact proxy informant was required for controls as well as for cases, to maintain the symmetry of data collection.
Reference age
A reference age approximating the age at disease onset was established for each case of Alzheimer's disease. Exposures occurring after the reference age were excluded from analysis as being irrelevant to disease onset. The reference age was defined as the patient's age 1 year before the case-informant first noticed cognitive or behavioral symptoms which later led him or her to seek medical care. On average, symptoms were first noticed approximately 2 years before medical recognition. Alzheimer's Disease Patient Registry consensus diagnosis followed by approximately 6 months (52). For control subjects, a corresponding reference age was calculated based on the average time between symptom onset and Alzheimer's disease diagnosis for cases in the same age group. Thus, cases and controls were frequencymatched with regard to reference age.
Exposure data collection and assessment
Information on prior head injury was obtained from interviews with proxy informants for both cases and controls. The research nurse asked whether the subject had ever had a head injury which required medical care and/or caused loss of consciousness. If so, informants were asked to recall the year(s) of head injury occurrence and whether the injury had resulted in loss of consciousness. The loss-of-consciousness component of this definition was included to better assure that reported head injuries were severe, as well as to reduce overreporting of exposure by case-proxies. Interview data were also collected on potentially confounding factors, including education, race, type of proxy informant (e.g., spouse, child, other), length of the subject's relationship with the proxy, and the matching factors age and sex. These interviews were completed prior to consensus diagnosis for cases in order to reduce recall bias.
We assessed the reliability of proxy-derived head injury data among controls. Data for this analysis came from 330 interviews conducted jointly with the proxy and the control subject (designated "consensus" interviews) which followed the proxy-only interviews. Agreement between proxy and consensus responses was estimated using the kappa statistic (57) . Sensitivity and specificity values were obtained, treating consensus responses as true. These values were then applied to observed head injury-Alzheimer's disease odds ratios to estimate the direction and magnitude of bias due to use of proxy informants, assuming nondifferential misclassification by case/control status (58) .
To evaluate the possible effects of recall bias, a separate analysis compared the head injury histories of nondemented Alzheimer's Disease Patient Registry enrollees with those of the control group. These nondemented comparison subjects were identified by the Registry surveillance system following cognitive complaints. They were given the same standardized dementia evaluation as that given to cases. Subjects in the former group did not meet diagnostic criteria for dementia. Because of cognitive complaints, recall bias among nondemented Registry subjects may be similar to that which may exist among cases. As with cases and controls, the proxy report of head injury history was used. Risks associated with head injury were estimated and contrasted with the main case-control results. If no elevated risk were found in the nondemented Registry group while Alzheimer's cases showed increased risk, it could be argued that the case-control finding was not due to recall bias.
APOE genotypes for 230 cases and 309 controls were determined by the restriction enzyme digestion method of Hixson et al. (59) , using DNA prepared from blood samples. Laboratory personnel were blinded to case/control status.
mer's disease in terms of odds ratios and 95 percent confidence intervals. Data stratified by AP0E-e4 zygosity (zero, one, two, or any (one or two) copies of the e4 allele) were analyzed for assessment of effect modification. Mantel-Haenzsel adjusted odds ratios were calculated in stratified data (60) .
Logistic regression was used to estimate risks and to assess confounding and effect modification by e4 zygosity and other factors (61) . Adjusted odds ratios and 95 percent confidence intervals were calculated from logistic regression model coefficients. Multiplicative interactions between factors were tested for statistical significance, which may indicate effect modification. An interaction between head injury and the e4 genotypes was hypothesized. Confounding was evaluated by the magnitude of change in the head injuryAlzheimer's disease odds ratio after addition of a potentially confounding factor to the model. Factors examined included education, race, proxy informant type, and length of relationship with the proxy. The matching factors age at study enrollment and sex were included in all logistic regression models. Age in years was entered as a continuous variable. Other methods of modeling age had little effect on the exposure odds ratio, and so were not retained. The fit of the logistic regression model was assessed using summary goodness-of-fit measures and regression diagnostic statistics (62) . SAS database management and statistical software was used (SAS Institute, Inc., Cary, North Carolina).
While the main analyses compared subjects with any e4 genotype to those without e4, a separate analysis restricted the comparison to subjects with, at most, one copy of the e4 allele. In the latter analysis, two e4 alleles were regarded as sufficient to produce Alzheimer's disease; thus, those subjects were excluded. Subjects with one e4 allele were assumed to be susceptible to the disease.
RESULTS
Alzheimer's disease cases in this study were primarily of late onset. Mean age at study enrollment was approximately 78 years (table 1) . Although ages ranged from 48 years to 94 years, 98 percent of cases were aged 65 years or older at enrollment. Eight of 357 cases were younger than age 65; three of these persons were younger than 60. More than 60 percent of subjects were female. Frequency matching produced similar distributions of age and sex among cases and controls. A greater proportion of controls than of cases had had some education beyond high school (56 percent vs. 42 percent) and were white (96 percent vs. 89 percent). Most proxy informants were a spouse or child of the index subject. Relative to cases, the control group had more spouses (59 percent vs. 47 percent) and fewer children (24 percent vs. 38 percent) acting as proxy informants. The mean duration of the relationship between subject and proxy was approximately 48 years, and this figure did not differ between cases and controls. Distributions of these characteristics were similar in the subgroup of cases and controls with known APOE genotype.
A history of head injury with loss of consciousness was associated with increased risk of Alzheimer's disease. In the overall group, 32 cases (9.2 percent) and 16 controls (4.7 percent) reported having a head injury with loss of consciousness prior to the reference year (crude odds ratio (OR) = 2.1, 95 percent confidence interval (CI) 1.1-3.8) (table 2) . A similar association was seen in the subgroup with known APOE genotype. Estimates were essentially unchanged after exclusion of head injuries that had occurred less than 5 years before the reference year (n -5). The mean time interval from head injury to the reference year was 34 years (standard deviation 23 years; range, 1-72 years). Mean age at head injury was 46 years (standard deviation 25 years; range, 10-85 years). Head injury status was unknown for eight cases and three controls in the overall group (two cases and two controls in the subgroup with APOE known); these subjects were excluded from analysis.
Risk estimates associated with head injury differed by sex. Among men in the overall group (n = 250), risk was significantly elevated (OR = 4.2, 95 percent CI 1.5-11.5), while women (n = 441) showed no increased risk (OR = 1.1, 95 percent CI 0.5-2.6) (table  2) . Similar results were observed in the subgroups with known APOE genotype.
The distribution of APOE genotypes differed between cases and controls (table 3) . APOE-e4 was strongly associated with Alzheimer's disease, with persons who were homozygous for e4 being at highest risk.
Stratification revealed no significant variation in the head injury-Alzheimer's disease risk relation by e4 status (table 4). Although higher odds ratios were observed among subjects with any e4 allele (OR = 3.1, 95 percent CI 0.7-14.6) than among those without e4 (OR = 2.0, 95 percent CI 0.8-5.2), this finding may have been due to chance. Similar patterns were seen within groups defined by sex (tables 5 and 6). The head injury-Alzheimer's disease odds ratio was 4.7 (95 percent CI 0.5-40.0) among men with any e4 allele and 3.6 (95 percent CI 0.9-13.5) among men without e4. Among women, the respective estimates were 1.8 (95 percent CI 0.2-17.8) and 0.9 (95 percent CI 0.2-4.4). Logistic regression confirmed that e4 status did not interact multiplicatively with head injury with regard to Alzheimer's disease risk (p -0.70 for the interaction between head injury and any e4 allele). The head injury-Alzheimer's disease associations were not confounded by age, education, race, type of proxy informant, or duration of proxy informant relationship. No statistical interactions between these factors and head injury were found. In an analysis restricted to whites (93 percent of the subjects under study), the association was unchanged from that seen in the full group. Table 7 presents odds ratios for head injury and e4 genotype adjusted for the matching factors age and sex. A statistical interaction of borderline significance was found between sex and head injury (/? = 0.05 in the overall group; p = 0.13 in the subgroup with any e4 allele included in the model). Results of logistic regression analysis among men (table 8) and women  (table 9) were similar to the results of stratified analysis. Interactions between head injury and any e4 allele were not significant (p = 0.92 for men and p = 0.63 for women).
Similar head injury-Alzheimer's disease odds ratios were obtained when comparisons were restricted to subjects with one e4 allele versus those with no e4 allele (tables 4-9). Again, no statistical interactions between head injury and the e4 genotype were found (p = 0.87 overall; p = 0.99 for men andp = 0.92 for women).
DISCUSSION
The increased risk of Alzheimer's disease observed for head injury with loss of consciousness concurs with the results of most (1-12) but not all (13) (14) (15) previous studies of the issue. We did not find the hypothesized interaction between APOE-e4 and head injury. Although head injury-Alzheimer's disease odds ratios were higher among persons with at least one copy of the e4 allele (OR = 3.1) than among those without e4 (OR = 2.0), as predicted, this may have been a chance result. We possessed limited power to detect an interaction between head injury and e4, partly because of the low proportion of controls reporting a past head injury (3.9 percent among subjects with APOE genotype known). Although our sample was large enough to detect an effect for head injury alone, adequate power to detect a mild or moderate interaction with e4 would require a larger sample. Synergism between head injury and e4 genotype was suggested in the 1995 study by Mayeux et al. (50) . In that study, head injury (with loss of consciousness) alone was not associated with increased risk of Alzheimer's disease (OR = 1.0, 95 percent CI 0.3-3.2 (adjusted for age and education), in comparison with persons with no head injury and no e4), and any e4 allele alone was associated with a doubling of risk (OR = 2.0, 95 percent CI 1.1-3.5). Persons with both factors were at much higher risk (OR = 10.2, 95 percent CI 1.2-89.0). The potential interaction stands in relief against the null-to-modest main effects. Although the risk estimate for subjects with both head injury and any e4 allele was similarly high in the present study (OR = 11.7, 95 percent CI 2.5-54.7 (adjusted for age and sex), in comparison with persons with neither factor), the main effect odds ratios were greater: 2.0 (95 percent CI 0.8-5.3) for head injury alone and 4.1 (95 percent CI 2.8-6.0) for any e4 allele alone. Hence, the joint effect does not depart substantially from a multiplicative relation. Interaction between head injury and e4 genotype remains a possibility, yet one we were unable to detect.
Case-control studies are subject to recall bias, which may explain the observed association between head No. of s4 alleles 0 * Subjects with unknown exposure were excluded, f CI, confidence interval. t Mantel-Haenszel odds ratio for the head injury-Alzheimer's disease association, adjusted for number of e4 alleles.
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Vol. 146, No. 5, 1997 injury and Alzheimer's disease. Case-proxies are presumably more likely than control-proxies to recall past exposures that may be relevant to disease onset. To reduce recall bias, we collected interview data before case subjects were diagnosed. Head injury questions were part of a longer risk factor interview, and so did not emerge as the focus of study. Report of loss of consciousness was required, which probably also reduced overreporting among cases.
The analysis of nondemented comparison subjects from the Alzheimer's Disease Patient Registry provided no evidence against recall bias as an explanation for the head injury findings. Nondemented Registry subjects showed elevated risk associated with head injury in comparison with controls (OR = 2.4, 95 percent CI 1.2-5.0, adjusted for age and sex), which was similar to the Alzheimer's disease case-control result (OR = 2.0,95 percent CI 1.1-3.8). Risk patterns by sex were also similar to the main study results. Various explanations may be offered for the observed similarity in risk between nondemented Registry subjects and Alzheimer's disease cases: 1) the elevated * Each row displays results from the regression model that contains the variables shown. All data were adjusted for age at study intake and sex. The head injury-Alzheimer's disease associations were neither confounded nor modified by education, race, type of proxy informant, or length of relationship with the proxy. The e4 reference group was subjects with no e4 alleles. Subjects with unknown history of head injury were excluded.
t CI, confidence interval; OR, odds ratio. * Each row displays results from the regression model that contains the variables shown. All data were adjusted for age at study intake and sex. The head injury-Alzheimer's disease associations were neither confounded nor modified by education, race, type of proxy informant, or length of relationship with the proxy. The e4 reference group was subjects with no e4 alleles. Subjects with unknown history of head injury were excluded.
t Cl, confidence interval; OR, odds ratio.
risk associated with head injury in both comparisons is due to recall bias; 2) head injury is a risk factor for nondementing cognitive problems as well as for Alzheimer's disease; and 3) nondemented Registry subjects have preclinical Alzheimer's disease, and head injury is a risk factor for the disease. Regarding the last possibility, most nondemented Registry subjects have been followed annually (over half of them for 4 or more years), and the analysis excluded subjects who are known to have become demented. Still, some may have been showing early signs of Alzheimer's disease.
To explore this issue, we identified subjects in the case group who were initially diagnosed as nondemented by the Registry but were diagnosed with probable Alzheimer's disease upon follow-up. Of 29 such cases found, one reported a history of head injury with loss of consciousness. APOE genotypes were known for 17 of these 29 cases: Eight (47 percent) had one copy of the e4 allele and two (12 percent) had two copies, similar to the proportions seen in the case group as a whole. (The subject with a past head injury had two copies of the e4 allele. His head injury occurred at age 15, and he developed dementia symptoms in his early sixties.) Since the head injury-Alzheimer's disease association did not vary substantially according to e4 genotype, we cannot argue that risk variation by genotype unknown to informants makes recall bias an unlikely explanation for the head injury findings. (If, despite unknown genotype, cases with the e4 allele are more likely to have a family history of Alzheimer's disease, they might therefore be less likely to search for environmental explanations such as head injury. In this case, we would expect the head injury-Alzheimer's disease association, if due to recall bias, to be stronger among those without the e4 allele-yet we observed the opposite pattern.) * Each row displays results from the regression model that contains the variables shown. All data were adjusted for age at study intake and sex. The head injury-Alzheimer's disease associations were neither confounded nor modified by education, race, type of proxy informant, or length of relationship with the proxy. The e4 reference group was subjects with no e4 alleles. Subjects with unknown history of head injury were excluded.
Use of proxy informants generally leads to increased rates of exposure misclassification (63) . We found moderate-to-poor agreement between proxy responses and consensus (index + proxy) responses among controls for head injury with loss of consciousness (K = 0.41). Agreement on head injury with loss of consciousness varied by proxy's relationship to the index subject. Moderate-to-good agreement was found for both husband (n -93) and wife (n = 109) informants (K = 0.54 and K = 0.53, respectively). Responses from child proxies (n = 74) showed poor agreement with consensus responses (K = 0.11). Other types of informants combined (sibling, friend, or other; n = 54) showed moderate agreement (K = 0.46). Relative to consensus reports, proxies underreported head injury. The sensitivity of proxy-reported data was low (0.32), and specificity was high (0.99). Sensitivity and specificity values applied to the case-control data led to a corrected crude head injury-Alzheimer's disease odds ratio of 2.7, assuming nondifferential misclassification with respect to disease. This corrected value exceeds the observed odds ratio of 2.1, indicating bias toward the null due to the use of proxy informants. However, given the possibility of recall bias, the assumption of nondifferential misclassification may be wrong. Prospective studies of subjects with known head injury are needed in order to settle this issue.
A family history of Alzheimer's disease is known to be a strong risk factor for the disease. While it is related to genetics, family history is only an approximate measure of genetic risk. We considered family history in a separate analysis. "Positive family history" is defined here as having at least one affected parent, sibling, or child. Family history data were missing for 13 percent of the subjects, so we did not include this variable in the final models. Among subjects with known APOE genotype and some knowledge of family history, 42 percent of cases and 21 percent of controls reported a positive family history of Alzheimer's disease. The association between head injury and Alzheimer's disease was reduced when family history was included in logistic regression models (OR = 1.6 (95 percent CI 0.7-3.9), adjusted for family history, age, sex, and any e4 allele; OR = 2.2 (95 percent CI 1.0-5.0) without family history in the model). No statistical interaction between family history and head injury was found. Family history may have confounded the association but did not modify it. The interaction between head injury and e4 genotype, the focus of this study, changed little when family history was included in the model among the subgroup of subjects with available data.
The association between head injury and Alzheimer's disease was observed among men but not among women in this study. A similar pattern was reported by van Duijn et al. (10) . Mayeux et al. (11) found the reverse. The observed variation by sex may be interpreted in several ways: 1) men experience or report head injuries of greater severity than women do (even when the definition is restricted to injuries with loss of consciousness), and it is only very severe head injury that leads to Alzheimer's disease; 2) recall bias for this exposure is operating among men and not among women; and 3) women are biologically (or otherwise) protected from Alzheimer-producing effects of head injury.
The biologic plausibility of the association between head injury and Alzheimer's disease strengthens the argument for a causal relation. Self-report of head injury, however, is a crude measure of an event thought to produce an Alzheimer-like process. The extent to which reported head injuries, even with loss of consciousness, actually represent traumatic brain injuries is unknown. Furthermore, it is difficult to evaluate dose-response relationships using available data. An association between head injury and Alzheimer's disease was nonetheless observed. If head injury is causal, we would expect to observe a stronger association were the precipitating event to be more specifically defined.
The role of APOE in this process, if any, is unclear. We found no evidence of effect modification by e4 genotype. Susceptibility to Alzheimer's disease as conferred by APOE-e4 does not appear to increase the risk of Alzheimer's disease associated with head injury.
